Abstract. Scale, corrosion and the and biological growth in industrial water handling processes result in reduced water flow though pipes, reduced heat transfer, and pump failures. Preventative treatments for these problems are based upon chemical compounds that are most often toxic and environmentally persistent. Manufacturers continue to introduce new chemicals and treatment programs onto the market, and old products have been discontinued. Many manufacturers claim that the new chemical and treatments are more environmentally friendly and safer for the plant workers and the users. The U.S. Army Engineer Research and Development Center Construction Engineering Research Laboratory has undertaken a research effort to look at these new chemical treatments. The objective of this work was to develop "green" water treatment chemicals that control biological growth, corrosion and scale while reducing or eliminating the generation of toxic substances during the manufacture, use, and disposal processes.
Introduction
The development of up-to-date selection and guidance is necessary to help Army installations be "smart buyers" of water treatment for new and existing heating and cooling systems. This includes central plant heating and cooling systems, and building heating, ventilation and air conditioning (HVAC) systems. Specifically, treatment for cooling towers, steam boilers, condensate return systems, and closed heating and cooling systems needs to be addressed. Manufacturers continue to introduce new chemicals and treatment programs onto the market, and old products have been discontinued. For a number of years the U.S. Army Corps of Engineers (USACE) and U.S. Army have not evaluated these new chemicals; therefore U.S. Army installations may be uninformed as to new treatment technologies. The lack of current and consistent guidelines has resulted in poor control of water treatment at many facilities. Poor control has resulted in reduced system reliability and efficiency. There have also been increased maintenance costs due to premature failure of systems and components. There were a significant number of new chemical formulations introduced in the last several years, most notably in the areas of: 1) phosphonates and phosphonate alternatives and new, highly effective polymers for scale inhibition, and 2) microbiocides for inhibition of bacteria and algae, and 3) new formulations for corrosion inhibition. There has been an increased interest and emphasis on environmentally friendly chemicals. The term "environmentally friendly" refers to the environmental persistence of the chemical, and the environmental impact of the production of the compound and eventual disposal of the spent chemical mixture. These attributes are enhanced when the treatment formulations are delivered with a smart monitoring and control system that feeds chemicals into the system on demand, and in the correct amount, preventing overuse of the chemicals while ensuring protection of the systems.
Experimental Approach
This project implemented a smart monitoring and control system to introduce, as much as possible, nonhazardous corrosion, scale, and biological growth inhibitors into cooling tower systems at energy plants at five DoD installations. The implementation period was about two years. The HVAC systems studied included 22 cooling towers that provide a total capacity of 15,681 metric tons of cooling, or an average of approximately 715 metric tons of chiller capacity per tower. The amount of data for the cooling systems is significant, although an emphasis was placed on monitoring corrosion rates.
Scale Inhibitor. The ERDC and Garratt-Callahan Company formulated a condenser water treatment using polyaspartate (PASP) to replace traditional treatment, which is based on environmentally persistent polyacrylates. PASP was the 1996 Presidential Green Chemistry Challenge Award Winner in the US, and has proven to be an excellent dispersant and crystal modifier. Naturally found in oyster shells, this product is a water-soluble, biodegradable dispersant that is very environmentally friendly and functions well in condenser water treatment formulations. PASP goes to work by influencing the crystal morphology of the scale-forming compounds. With the addition of PASP, the minerals form a large number of small crystals which are spatially separated by the polymer chains, preventing scale deposition. The prescribed total inhibitor treatment dosage level was established at 100-150 ppm. Secondary additives included benzotriazole (BZT) for copper corrosion protection and two phosphonates, (phosphonobutan-tricarboxylic acid and hydroxy-ethylidene phosphonate) for mild steel corrosion and scale protection. A small amount of molybdenum was added to track dosage levels.
Biocide. The second product evaluated is a cooling water biocide by the name tetrakis (hydroxymethyl) phosphonium sulfate (THPS). The THPS won the Presidential Green Chemistry Challenge Award in 1997. The recommended treatment level is below that which would be toxic to fish. In addition, THPS rapidly breaks down in the environment through hydrolysis, oxidation, photodegradation, and biodegradation. Also, because THPS is halogen-free, and does not contain volatile organic compounds, it does not contribute to dioxin or AOX formation. THPS is classified as a broad spectrum, non-foaming microbiocide that is not affected by hard water when used at recommended levels. It may be used to control aerobic and anaerobic bacteria, especially the sulfate reducing bacteria. It is compatible with corrosion and scale inhibitors and with other non-oxidizing biocides. This product was fed once per week to maintain a control range of 125 to 150 total ppm. THPS is known to be particularly effective against bacteria, but does not provide complete protection against algae. It will be important to supplement this effective bactericide with an oxidizing biocide, such as chlorine, for effective prevention of algae growth. Chlorine was used twice per week at a rat of 0.2 to 0.5 ppm for control of algae. Microbial monitoring was visual (with pictures) for algae and the Biotrace ATP Luminometer for bacteria. Good control of aerobic bacteria is considered to be 500,000 organisms/ml or less and excellent control 100,000 organisms/ml or less. The only acceptable count for anaerobic bacteria is zero organisms/ml, which was tested with the use of the Sani-Check anaerobic test kit, commonly used in the industry. The cooling towers were also physically inspected in the evaluation process.
Steam Line Treatment. The third product in the project was a filming inhibitor made from exthoxalated soya amines. This product was applied at one of the Army demonstration sites. This product is used to control both oxygen and carbon dioxide corrosion in steam lines by forming a monomolecular protective film barrier on metal surfaces. Although more toxic than the two Presidential Award Winners, this material is inherently biodegradable, with a closed bottle test showing a 42% biodegradability at day 28 and a 54% biodegradability at day 42.
Corrosion in the Military II
Normal dosage is 2-3 kilograms of active ingredient per 1,000,000 kilograms of steam generated, and the product is applied direct to the steam header. Overfeed of the treatment material may cause foaming and initial startup dosage must be minimal to reduce iron put in solution as the filmforming process cleans the condensate line as the film is developed. The additional oxygen protection provided by the film forming material, as compared to conventional neutralizing amines, is very important when steam boilers are put on stand-by, resulting in a significant decrease in steam line temperature and pressure.
Smart Monitoring and Control System. This corrosion project developed extensive corrosion data on cooling towers. It developed and implemented a smart, automated monitoring and control system (Figure 1. ) to adjust corrosion inhibitors as needed, for cooling systems in accordance with established guidelines. The smart system feeds the chemicals on demand based on instrumentmeasured water quality parameters. For example, the copper corrosion inhibitor was applied: (1) on a regularly scheduled basis to minimize corrosion; (2) as a preventive measure when applying biocides; and (3) on an as-needed basis when corrosion rates exceed pre-programmed set points as measured with linear polarization resistance probes. Data and graphs to record system performance were stored in the system's controller memory, which supports approximately 40 days of data storage before overwriting previous data. In addition to downloading these data monthly, wet chemistry test data, corrosion coupons, and measured corrosion information were developed and later transferred to an online reporting site.
Results and Discussion
This project successfully demonstrated the application of smart cooling tower controller technology, documented and proven with a significant quantity of chemical tests and corrosion data. The green cooling water treatment programs was validated across a wide range of site conditions. A summary of results is show in Table 1 .
Figure 1. Smart Monitoring and Control System
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Scale Inhibitor. The scale inhibitor, monitored by way of the molybdate residual, is recommended at 0.5 ppm-0.75 ppm molybdate. This corresponds to 100-150 ppm total scale inhibitor treatment. Molybdate control at all facilities was excellent, typically remaining between 0.6 and 1.1 over the test period.
Biocide. The effective control of microbiological organisms is a very important part of the water treatment program. Biological control primarily consists of bacteria and algae control. It is rare that one material is equally as effective against both classes of organisms. The THPS product is classified as a broad spectrum material, used primarily to control aerobic and anaerobic bacteria. For the most part, the material was very effective in the control of bacteria, keeping the ATP test results well below the upper control limit of 1000 RLUs.
It is important to remember that the ATP bacteria counts show only planktonic (free-floating) bacteria. Sessile bacteria are those attached to the tower, and can outnumber the planktonic bacteria. Bacteria tests are very useful in showing general trends of bio control.
While not a precise method of measurement, it is generally accepted that low bacteria counts indicate a cleaner and safer system than high bacteria levels.
Smart Monitoring and Control System. The advanced fully automated equipment represents a significant improvement in the application of the water treatment products. The use of this state-ofthe-art technology also significantly improves the safety in handling chemicals. Communication capabilities provide the opportunity to remotely monitor system performance, gather system data, and adjust operating parameters. Overall performance has been very good. 
Conclusions
The project has demonstrated three environmentally friendly chemicals that may be effectively used in water treatment formulations for the treatment of heating and cooling systems. A smart monitoring and control system was developed to optimize the use of all chemicals used in the systems.
With the application of polyaspartate (PASP) inhibitor blend, the operating performance of the equipment remained unchanged. The product appears to have good dispersion qualities, and has the advantage of being biodegradable. We did find a few tests with elevated copper residuals that may or may not be influenced with the PASP material. Additional testing with a variation in dosage is recommended with future applications. The biocide application of tetrakis hydroxymethyl phosphonium sulfate (THPS) at an application rate of 125 to 150 ppm provided good aerobic and anaerobic bacteria control. This material had limited success with algae control so a supplemental oxidizing biocide is necessary for control of algae growth. Installations reported significant reductions in maintenance requirements when the chemical treatment program was applied using the smart monitoring and control system. Additional research and field demonstrations continue to improve the chemical formulations and the monitoring and control systems. As USAERDC continues the development of environmentally friendly treatments and smart monitoring and control systems for heating and cooling, the performance will continue to improve.
